A convenient total synthesis of (Z)-12-tetradecenyl acetate (1a) and (E)-12-tetradecenyl acetate (1b), which are the sex pheromones of Ostrinia furnacalis (Guenée), has been achieved. The target mixture molecules, of a cis-to-trans-isomer ratio of 27 to 73, were synthesized in 40% overall yield and through [13C + 1C] synthetic strategy in five steps from commercially available and cheap industrial brassylic acid as key starting material. The electroantennogram (EAG) responses of synthetic sex pheromone to ACB male moths were conducted. The results showed that the target mixture molecules were found to have a good activity and displayed significantly stronger EAG responses ranging from 10 to 1000 g, and the optimized stimulating dosage of the activity of synthetic sex pheromone to ACB males is 10 g. Compared with the existing routes, this synthetic approach is operationally simple, goodyielding, and cost-effective, which could serve as a basis for developing the techniques of sex pheromone mass trapping or mating disruption and providing an environmentally benign method to control ACB pests.
Introduction
Ostrinia furnacalis (Guenée), often called the Asian Corn Borer (ACB), is the most destructive pest in corn throughout east and southeast Asian countries [1, 2] . The larvae seriously damage corn, millet, sorghum, and cotton by boring through the stem that can eventually cause great yield losses [3, 4] . Thus, the development of the effective method to control ACB pests has been a very significant and practical question in the field of agriculture. Unfortunately, we are facing a big challenge caused by the detrimental effects, such as environmental pollution and pesticide residue, resulting from traditional chemical pesticide. Therefore, there is an urgent need to develop the environmentally friendly methods to control this pest. Among these known modes, such as chemical, biological, or physical pest control, it is an ideal way to control ACB pests by using the sex pheromone mass trapping or mating disruption, because it has the characteristics of being of low cost, environmentally friendly, of low dosage, of strong selectivity, and of high sensitivity [5] [6] [7] [8] [9] .
The sex pheromone of ACB, released by adult females, is a mixture of (Z)-12-tetradecenyl acetate (1a) and (E)-12-tetradecenyl acetate (1b) (Figure 1 ) [10] [11] [12] .
To date, some strategies have been developed for synthesizing the sex pheromone of the ACB. These existing strategies focused on the carbon chain increasing or decreasing to construct the main chain. Based on the carbon chain increasing synthetic strategies [13] , these include Klun et al. who realized the synthesis of 1a and 1b firstly using [7C + 1C + 6C] synthetic strategy [10] . Kang et al. adopted the [11C + 2C + 1C] synthetic strategy and synthesized the sex pheromone monomers with two different constructions by using triple-bond cis-trans hydrogenation [14] . The products of the above two routes required subsequent mixing before field application. As [12C + 2C] synthetic strategy, the 1,12-dodecanediol was used to design the synthesis as identical In spite of many advantages, the existing synthetic routes have some drawbacks, such as requiring too many steps, lower overall yields, lack of cost-effectiveness, or separate components preparation process, which required subsequent mixing before field application. Therefore, the development of the cost-effective and operationally simple synthetic strategy for the sex pheromone of ACB is still of great interest in agrochemicals.
Herein, we describe a new [13C + 1C] synthetic strategy for the sex pheromone of ACB from commercially available and cheap industrial brassylic acid as key starting material (Scheme 1, bottom). The target mixture molecules, where the cis-trans-isomer (1a and 1b) ratio is 27 to 73, were synthesized in 40% overall yield and in five steps through the operationally simple and economical approaches. EAG assays were conducted to verify the biological activity to ACB male moth and obtain the optimum stimulating dosage of the sex pheromone.
Results and Discussion
2.1. Chemistry. As shown in Scheme 2, our synthesis commenced with brassylic acid 2, which is a commercially available and cheap industrial material. After carboxyl reduction and selective esterification, compounds 3 and 4 were smoothly obtained. However, in attempts to purify compound 3 in the laboratory, this was found to be very laborious and less effective, so crude 3 was directly treated with glacial acetic acid in cyclohexane under concentrated sulfuric acid catalysis at 55 ∘ C. Thus compound 4 was obtained in 65% yield over two steps. Compound 5 was prepared in 95% yield in CH 2 Cl 2 at room temperature from compound 4 through PCC oxidation reported by Boo [11] . Afterwards, the key intermediate 6 was obtained by the Wittig condensation; the 13-oxotridecyl acetate 5 was coupled with methyltriphenylphosphonium bromide under potassium tert-butylate catalysis in 86% yield. The target molecules were produced through isomerization reaction by CoCl 2 -Ph 3 P-NaBH 4 system from compound 6 under nitrogen atmosphere at room temperature and then −10 ∘ C in 76% yield. Additionally, the configurations of the target were assigned on the basis of the 1 H-NMR, 13 C-NMR, and MS spectroscopy. The ratio of cis isomer to trans isomer is 27 to 73, which was further confirmed by the GC-MS data and the comparison with analysis results of related reports, such as Kou et al. 's work [22] . More information can be found in the supplementary materials (available here).
Overall, a convenient synthesis route for the sex pheromone of the O. furnacalis was developed through [13C + 1C] strategy of brassylic acid and methyltriphenylphosphonium bromide. Thus, the total synthesis of the mixture 1a and 1b, where the cis-trans-isomer ratio is 27 to 73, in 40% overall yield has been achieved in five steps. Compared with other reported synthesis of the target, our synthesis by using readily available inexpensive reagents and simple reaction conditions is apparently operationally simple and cost-effective.
Biological Activity.
Electroantennogram (EAG) technology, which is based on the discovery by Schneider [23] , is a bioassay widely used in experimental entomology for the detection of volatiles perceived by the antennal olfactory apparatus of insects. This method can be used for many purposes like screening biologically active compounds, purification of extracts, identification of active fractions, selection of active synthetic compounds, and so on.
In order to screen the biological activity of the attractiveness of synthetic sex pheromone molecules to ACB male moths, the EAG assays were performed. The results are shown in Figure 2 . The results showed that there was a relationship between EAG response and dose. At doses ranging from 1 to 1000 g, the EAG responses values were significantly higher than the value of control. And there was no significant difference in EAG response values at doses 0.01 g and 0.1 g compared to the value of control. The results showed that the compounds had good biological activity within a broad range of doses (1 to 1000 g) and low biological activity at the dose of 0.01 g and 0.1 g. Among all doses tested, the optimal doses of compounds for EAG responses of O. furnacalis male moths were within 10 to 1000 g range, and the values were significantly different from the doses from 0.01 to 1 g, and the highest response was reached at the dose 10 g. The results suggested that the saturation dose of perception for males was 10 g. On the base of these results, we conclude that the doses of compounds for the significantly stronger EAG responses of O. furnacalis male moths were in the range of 10 to 1000 g, and the optimized stimulating dosage of the activity of sex pheromone to ACB male moths is 10 g.
The cis-trans-isomer ratio of sex pheromone of the ACB is diverse in different areas of Asia [13] , for example, 47 : 53 [24] or 42 : 32 [25] in China, 3 : 1 [26] or 39 : 45 in Taiwan [22] , 1 : 1 in Philippines [10] , 3 : 2 in Japan [27] , and 1 : 1 in South Korea [11] . Cheng et al. reported that the maximum sexual attractiveness of the sex pheromone of ACB was reached within a rather broad range of doses (0.1 to 10 g per trap) at natural ratio of 47 : 53 (Z : E) in field trapping tests [24] . Zhou and Du reported that males responded in the highest percentage to doses between 0.1 g and 1 g of the sex pheromone at the ratio of 1 : 1 (Z : E) in wind tunnel tests [28] . However, in this study, the result suggested that significant EAG responses were reached within a broad range of doses (10 to 1000 g) at the ratio of 27 : 73 (Z : E) in EAG tests.
Generally, the EAG responses of synthetic sex pheromone to ACB male moths were observed. The results showed that the target mixture molecules, where the cis-trans-isomer ratio is 27 to 73, were found to have a good activity and displayed significantly stronger EAG responses ranging from 10 to 1000 g, and the optimum stimulating dosage of the biological activity of sex pheromone to ACB male moth is 10 g. The results could serve as basis for developing the techniques of sex pheromone mass trapping or mating disruption techniques and providing an environmentally benign way to control ACB pests.
Experimental
3.1. Chemistry 3.1.1. General. All reagents were commercial and used without further purification. Tetrahydrofuran (THF) was freshly distilled from lithium aluminium hydride under a nitrogen atmosphere. Chromatography was carried on flash silica gel (300−400 mesh). All reactions were monitored by TLC, which was performed on precoated aluminium sheets of silica gel 60 (F254). Melting points were uncorrected. The 1 H-NMR and 13 C-NMR spectra were determined at 25 ∘ C at 500 MHz and 125 MHz, respectively, with TMS as an internal standard. All shifts are given in ppm. High-resolution mass spectra (HRMS) were obtained using a Bruker microTOF II focus spectrometer (ESI). Gas chromatographic-mass spectrometric (GC-MS) analysis was conducted using an Agilent 5975 spectrometer. The GC-MS data were obtained using a 30 m × 0.25 mm column of DB-1701 phase. The column temperature was run from 120 to 260 ∘ C at 3 ∘ C/min and held at 260 ∘ C for 5 min using helium as carrier gas. Electron impact (EI) mass spectra were collected at 70 eV with separator and source at 180 ∘ C. EAG Systems (Syntech, Dutch) include Syntech IDAC-2 Acquisition Controller and Software, Syntech CS-55 Stimulus Controller Unit, Syntech Pre-Amplifier for Recording from Taste Sensilla, and Syntech MP-15 Micromanipulator.
Synthesis of 1,13-Tridecanediol (3).
To a solution of brassylic acid (2, 1.2210 g, 5 mmol) in anhydrous THF (15 mL), LiAlH 4 (0.5690 g, 15 mmol) was added in dry threenecked round-bottomed flask equipped in batches under nitrogen atmosphere at 0 ∘ C. The mixture was stirred at room temperature for 12 h. After completion, the reaction was quenched by 10% HCl aqueous solution in ice bath until gas production ceased. The organic layer was separated, filtered, and concentrated under reduced pressure. The residue was washed with ethyl acetate and dried over anhydrous MgSO 4 . The extract was evaporated and dried to give crude 1,13-tridecanediol (3, 1.0818 g) as white solid. 
Synthesis of 13-Hydroxytridecyl Acetate (4).
Glacial acetic acid (23 mL), water (30 mL), and concentrated sulfuric acid (0.08 mL) were added to a solution of crude 3 (1.0818 g) in cyclohexane (40 mL) successively in round flask. The mixture was stirred at 55 ∘ C for 10 h. The reaction mixture was filtered, and the organic layer was washed successively with saturated NaHCO 3 aqueous solution (2 × 20 mL) (2 × 20 mL) and saturated salt water (2 × 20 mL) and concentrated under reduced pressure. The residue was purified by flash column chromatography on silica gel (petroleum ether : diethyl ether = 3 : 1) to provide pure 13- 
Synthesis of 13-Oxotridecyl Acetate (5).
Compound 4 (0.5168 g, 2 mmol) was added to a solution of PCC (0.6466 g, 3 mmol) in dichloromethane (DCM, 15 mL) in a round flask in batches at room temperature. The mixture was stirred and monitored by TLC. After substrate 4 was consumed, the resulting mixture was poured into ice-water (30 mL) while stirring. The solid was collected by filtration, washed with water (3 × 10 mL), and dried and purified by flash column chromatography on silica gel (petroleum ether : diethyl ether (6) . Potassium tert-butoxide (0.2244 g, 2 mmol) was added to a solution of methyltriphenylphosphonium bromide (0.7144 g, 2 mmol) in anhydrous THF (10 mL) in dry three-necked round-bottomed flask under a nitrogen atmosphere at room temperature. The mixture was stirred for 30 min. At −20 ∘ C, compound 5 (0.3074 g, 1.2 mmol) was dissolved in anhydrous THF (5 mL) in dry batches under a nitrogen atmosphere; then the resulting solution was introduced through a dropping funnel to the above mixture at this temperature (approx. 5 min). The reaction mixture was stirred and monitored by TLC. After substrate 5 was consumed, the reaction mixture was quenched by saturated NH 4 Cl aqueous solution (20 ml) and extracted with diethyl ether (2 × 10 mL), and the organic layer was combined. After evaporating the solvent, the residue was purified by flash column chromatography on silica gel (petroleum ether : diethyl ether = 10 : 1) to give 13-tetradecenyl acetate (6, 0.2623 g, 86%) as a yellow oil. 
Synthesis of 13-Tetradecenyl Acetate

Synthesis of (Z/E)-12-Tetradecene-1-ol Acetate (1a/1b).
Cobalt dichloride (0.2855 g, 1.2 mmol) was dried at 135 ∘ C under vacuum for 8 h. After cooling to room temperature, triphenylphosphine (0.9442 g, 3.6 mmol) was added to a solution of the anhydrous cobalt dichloride in anhydrous THF (10 mL) in dry three-necked round-bottomed flask under a nitrogen atmosphere at room temperature. After stirring for 30 min, sodium borohydride (0.0454 g, 1.2 mmol) was added to the mixture and then stirred for 30 min. Compound 6 (0.4677 g, 1.84 mmol) was dissolved in anhydrous THF (5 mL); the resulting solution was added dropwise to the above mixture at −10 ∘ C. The mixture was stirred for 4 h till the reaction was completed. Then 2 mol/L HCl (10 mL) was added to the mixture, and the reaction mixture was extracted with diethyl ether (2 × 10 mL) and then condensed under reduced pressure to give crude product. The residue was purified by flash column chromatography on silica gel (petroleum ether : diethyl ether = 10 : 1) to give the mixture of (Z/E)-12-tetradecene-1-ol acetate (1a, 1b, 0.3555 g, 76%, GC-MS, 1a : 1b = 27 : 73) as a yellow oil. [29] . Two-day-old Asian Corn Borer males were slightly anaesthetized with ice for 2 min, followed by 1 min at room temperature to allow males to recover, and then they were immobilized with an insect pin. Antennae were excised from head with forceps and their last segments were cut with forceps. The antennae were then fixed to the electrodes with conducting gel Spectra 360 (Parker Lab. Inc., Hellendoorn, Netherlands). A flow of humidified pure air (1200 mL/min) was continuously directed over the male antenna through the main branch of a glass tube (7 cm long × 5 mm diameter). Test stimulations were performed by giving puffs of air (500 mL/min) for 0.5 s at 30 s intervals through a Pasteur pipette inserted onto a lateral branch of the tube, using a CS-55 stimulus controller (Syntech). The pipette contained a piece of filter paper (5 × 0.5 cm) on which the stimulus compound had been deposited. The solvent was evaporated before the tests. Control puffs over a piece of filter paper containing only hexane were intercalated between two consecutive stimuli. The signals were amplified (100x) and filtered (DC to 1 kHz) with an IDAC-2 interface (Syntech), digitized on a PC, and analyzed with the EAG Pro program. Each treatment was replicated on 6 antennae; the experiment was repeated three times [30] .
EAG Assays
Statistical
Analysis. EAG recordings were obtained from six antennal preparations for each treatment. For analyses, EAG response to the solvent control was deducted from the EAG amplitudes elicited by the test compounds. The corrected EAG data were analyzed by analysis of variance (ANOVA) followed by Tukey's HSD test ( < 0.05), using PASW Statistics 18.0.
Conclusions
In summary, we have developed a new and practical route for the total synthesis of the sex pheromones of O. furnacalis, using commercially available and cheap industrial brassylic acid as key starting material. Compared with the reported syntheses, this route has several advantages, such as good yield, simple operation, and cost-effectiveness. The EAG responses of synthetic sex pheromone to ACB male moths were conducted to verify the biological activity, and the results showed that the target mixture molecules, with the cis-trans-isomer ratio of 27 to 73, have a good activity and displayed significantly stronger EAG responses from 10 to 1000 g, and the optimized stimulating dosage of the attractive activity of sex pheromone to ACB male moth is 10 g. This study may be helpful to develop a new route for large scale preparation of sex pheromone of ACB and provide an environmentally friendly method to control this pest in the future.
